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Abstract
During angiogenesis, new blood vessels headed by a migrating endothelial tip cell sprout from pre-
existing ones. This process is known to be regulated by two signaling pathways concurrently, vascular
endothelial growth factor A (VEGFA) and Notch-Delta. Extracellular VEGFA activates the intracellular
Notch-Delta pathway in nearby endothelial cells which results in endothelial (stalk, tip) differentiation.
Retinal astrocytes appear to play a crucial role in polarizing new sprouts by secreting VEGFA. In vivo
retinal angiogenesis experiments in neonatal mouse generated quantitative data on daily cell counts and
morphological data of vascular network expanding over fibronectin-rich matrix. Based on this set of data
and other existing ones, we developed a cell-based, multiscale mathematical model using the cellular
Potts model framework to investigate the sprout evolution by integrating the VEGFA and Notch-Delta
signaling pathways. The model incorporates three levels of description: 1) intracellular: each endothelial
cell incorporates the VEGFA-activated Notch-Delta signaling pathway, 2) intercellular: tip and stalk
endothelial phenotypes along the sprout are dynamically (depending on cell growth, cell-cell adhesion)
interchangeable based on their Delta level, and 3) extracellular: the astrocyte-derived VEGFA acts as
a chemoattractant and, together with the extracellular matrix (ECM) network, guides cell migration
leading to sprout evolution and morphology. Starting with a single astrocyte embedded in a fibronectin-
rich matrix, we use the model to assess different scenarios regarding VEGFA levels and its interaction
with matrix proteins. Simulation results suggest that astrocyte-derived VEGFA gradients along with
heterogeneous ECM reproduces sprouting morphology, and the extension speed is in agreement with
experimental data in 7 days postnatal mouse retina. Results also reproduce empirical observations in
sprouting angiogenesis, including anastomosis, dynamic tip cell competition, and sprout regression as a
result of Notch blockade.
Author Summary
Growth of new blood vessels from existing ones, called angiogenesis, is important in normal develop-
ment, wound healing, and many pathological processes including cancer and macular degeneration. Our
goal was to understand the evolution of sprout formation. Peripheral retinal astrocytes secrete VEGFA
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2which is coupled with the intracellular Delta-Notch signaling pathway of the endothelial cells in a nearby
blood vessel. We developed a multiscale cellular Potts model of sprouting angiogenesis, focusing on the
VEGFA-Delta-Notch signaling pathway, cell differentiation (between stalk and tip endothelial pheno-
types), growth, migration, cell-cell, and cell-matrix adhesion. Simulation results suggest that VEGFA
gradients and heterogeneous extracellular matrix are key for sprout formation.
Introduction
Biological background
Angiogenesis, the formation of blood vessels from a pre-existing vasculature, is a process whereby capil-
lary sprouts form in response to externally supplied angiogenic stimuli. The new sprouts provide tissues
and organs with oxygen and nutrients, and remove metabolic waste. Angiogenesis takes place in phys-
iological situations, such as embryonic development, wound healing and reproduction [14]. The healthy
body controls angiogenesis by balancing pro- and anti-angiogenic factors [15]. This balance, though, is
sometimes disrupted and angiogenesis also appears in many pathologies, like diabetes [49], rheumatoid
arthritis [42], cardiovascular ischemic complications [13], proliferative retinopathy [28], and cancer [26].
Sprouting angiogenesis typically starts from hypoxic tissues or cells (e.g. retinal astrocytes [61])
upregulating their production of pro-angiogenic factors. The primary type is the vascular endothelial
growth factor A (VEGFA) [25]. These angiogenic factors diffuse and bind to the endothelial cell (EC)
receptors of nearby blood vessels. Subsequently, the extracellular matrix (ECM) and basement membrane,
surrounding the ECs, are degraded locally by activated proteases (e.g. matrix metalloproteinases, MMPs)
produced by ECs.
Several experimental studies (e.g. in mouse retina [30]) have revealed the heterogeneity of a growing
vascular sprout. It is composed of a tip cell at the leading front, followed by stalk cells. The latter
cells comprise the body of the sprout and are responsible for the elongation of the new vascular branch
(Figure 1). The tip and stalk EC phenotypes display different gene expression profiles, suggesting that
Figure 1. Schematic of processes involved in a growing vascular sprout. A growing sprout is
mainly composed of tip (red) and stalk (blue) cells, where each endothelial phenotype responds
differently (e.g. proliferation, migration) to a VEGFA source (astrocyte (brown)). ECM = extracellular
matrix.
their specification is determined genetically [21]. However, a single unique gene or protein that can be used
reliably and unambiguously as a molecular marker for those phenotypes has not been identified. A key
pathway, though, regulating their specification is the Notch-Delta signaling pathway which is described
3next. This finding concurrently emerged from several groups using three distinct experimental models
of angiogenesis including solid tumor in mice [55, 58], postnatal mouse retinas [35, 48, 65], and zebrafish
embryos [44, 64]. Our model is mainly motivated from retina angiogenesis data on the post-natal day 7,
where vascular sprouts are already developed [24].
Notch-Delta signaling is a fundamental signaling pathway between neighboring cells. It has a role in
processes that include lateral-inhibition [62], synchronising cells during somitogenesis [22], asymmetric cell
division [6,59], and neuronal plasticity [1,46]. Notch-Delta is mediated by the interaction between Notch
receptors and Delta/Serrate/LAG-2 (DSL) ligands [12]. Upon interaction between a Notch receptor in
one cell and a DSL ligand in a neighboring cell, the Notch intracellular domain is cleaved, translocates to
the nucleus and co-activates downstream transcriptional targets. Notch signaling also plays an important
role in fine-grained patterning processes such as the formation of checkerboard-like differentiation patterns
and sharp boundaries between developing tissues [62].
In this study, we are mostly interested in the lateral-inhibition mechanism, which is responsible for
generating an alternating pattern between stalk and tip EC phenotypes (‘salt-pepper’ pattern) [35].
Sprout formation requires the coordinated behavior of all EC phenotypes. The head tip cell located at
the leading edge of the growing vessel senses the environment for angiogenic factors through the presence
of filopodia. In contrast, the stalk cells situated behind the tip cells are highly proliferative cells and allow
the vessel to elongate towards angiogenic stimuli. Endothelial tip cells are stimulated by an extracellular
gradient of VEGFA (and/or VEGFC [33]). ECs express three different VEGF receptors (VEGFR). The
activity of VEGFR2 (Flk-1) regulates most of the EC responses to VEGFA, including induction of tip
cell filopodia and EC migration, proliferation, survival, and vascular permeability.
Recent in vivo and in vitro studies from Gerhardt et al. [40] on retina sprout angiogenesis revealed
that ECs dynamically compete with each other for the tip cell position. In particular, it was shown
that VEGFR2 levels between two cells affect which of them will become a tip cell, in a competitive
manner. The authors suggested that the balance between VEGFR2 and VEGFR1 (Flt-1) expression in
individual ECs affects their potential to become tip cells during sprouting angiogenesis. That is, cells
with higher VEGFR2 levels stand a better chance to take and maintain the leading position. The head
tip cell is dynamically challenged and replaced by migrating cells from the stalk region. This dynamic
competition between ECs for a tip or stalk phenotype depends on the integrated VEGFA-Delta-Notch
signaling pathway, the main focus of the current work. One of the main findings of recent years has been
the identification of the Notch-Delta pathway as the instructive regulator of tip versus stalk cell fate [38].
Both the receptor (e.g. Notch1) and ligand (Delta-like ligand 4; Dll4) are cell bound and thus act only
through cell-cell contact. VEGFA-VEGFR2 signaling was shown to upregulate expression of Dll4 in tip
cells [48], allowing Dll4 to activate Notch1 in the adjacent stalk cells, causing suppression of the tip cell
phenotype. Hence, ECs exposed to the highest VEGFA concentration are most likely to become tip cells.
Strong evidence has shown that astrocytes are a major producer of VEGF [61, 67]. Moreover the
pronounced expression of VEGF in peripheral astrocytes has been linked to sprouting angiogenesis at
the leading edge of the expanding vascular plexus [61]. Macrophages are also a major source of diffusible
VEGF, but the fact that they are located behind the leading edge is linked to sprout fusion [5]. Another
important ingredient with many roles in angiogenesis is the ECM, a mesh-like network of proteins. It is
essential for EC migration, proliferation and survival, since it provides structural support and chemical
cues for cell adhesion and motility [39]. ECM components like collagen I and fibrin are capable of support-
ing chemotactic migration [28]. The density and spatial distribution of ECM proteins such as fibronectin
and collagen can affect the speed and direction of cell migration [23]. Furthermore, ECs are able to
secrete and degrade ECM components. ECs activated by VEGFA first degrade the basement membrane
of the parent vessel and then migrate into the ECM towards the VEGFA source (e.g. astrocyte). The
local degradation (e.g. via MMPs) and deposition of matrix proteins by ECs and the heterogeneity of the
ECM can all create local gradients of ECM components which can drive EC migration, a process called
haptotaxis.
4Computational background
Mathematical modeling in angiogenesis is a useful tool for understanding the interplay between the factors
that affect it and for the design of experiments of a predictive nature.
Over the past two decades, a plethora of mathematical and computational models have been developed
to study different aspects of angiogenesis. In general, these models could be divided into two main
groups: continuous and discrete models. Briefly, continuous models describe ECs as densities using
partial differential equations [37, 71]. However, because the vessels of vascular networks often consist of
only a few cells, explicitly considering individual cells is essential. Discrete models describe ECs as entities
where their behaviors can be explicitly represented [16, 19, 51]. However, in these models the detailed
investigation of cell-level properties, such as cell shape and cell adhesion, are mathematically difficult, if
not impossible to consider. Therefore, we choose to focus on cell-based models, which is a subgroup of
discrete models with the advantage of representing cells as individual entities with a particular shape.
For a comprehensive review of mathematical and computational models in angiogenesis see [56], and
references therein.
In Table 1 we summarize a number of mathematical (mainly cell-based) models for studying aspects
of angiogenesis which have delivered useful insights for angiogenic sprouting. In particular, we refer to
whether a model has assessed the role of mitosis on sprouting, whether ECM has been considered and
if it was simply incorporated as a uniform field or as a non-uniform representation of ECM fibers, the
VEGF profile (static gradients or secretion from a source), and also, whether the stalk-tip cell selection
decision has been made upon the position of a cell in a sprout (e.g. a cell is simply defined as a tip if it
is located at the front of a sprout) or whether the Notch-Delta signaling has been explicitly considered
for the EC fate.
Finally, our computational model, discussed next, can be distinguished (from the models presented in
Table 1) by its integrative approach, meaning that experimental data are used for the validation of the
model.
5Table 1. Main mechanisms incorporated in sprouting angiogenesis models
Authors Type of model ECM Mitosis VEGF stalk/tip Delta/ D/N
phenotype Notch blockade
Bauer 2-D Cellular non-uniform X X X X X
et al. [7] Potts Model (ECM fibers) secreted from
source
Milde 3-D particle model non-uniform X X X X X
et al. [53] (stalk cell density, (ECM fibers, bound- & (one leading
particle ECM proteolysis) soluble- tip cell)
representation VEGF isoforms
of the tip cell)
Bentley 3-D (multi-agent) X X X X X X
et al. [8] lattice model static (‘salt-pepper’
gradients pattern)
Bentley 3-D (multi-agent) X X X X X X
et al. [9] lattice model static (‘salt-pepper’
gradients pattern)
Qutub 3-D lattice uniform X X X X X
et al. [57] model (collagen static (one leading
concentration) gradients tip cell)
Das 3-D lattice uniform X X X X X
et al. [19] model (collagen bound- &
concentration, soluble-
ECM proteolysis) VEGF isoforms
McDougall 2-D hybrid uniform X X X X X
et al. [51] model (fibronectin secreted by (one leading
concentration astrocytes tip cell)
secreted by
astrocytes,
ECM proteolysis)
Daub and 2-D Cellular uniform X X X X X
Merks [20] Potts Model (collagen static (one leading
concentration, gradients tip cell)
ECM proteolysis)
6Methods
The aim of the current work is to expand our understanding of sprout evolution through the VEGFA-
Dll4-Notch1 signaling pathway along with the dynamic competition between stalk and tip cells for the tip
cell position. We incorporate all of the mechanisms from Table 1, and in doing so, we improve upon other
sprouting angiogenesis models. In this section we describe the three different levels of our cell-based,
multiscale model.
Cellular level: the Cellular Potts Model
The cellular model is based on the Cellular Potts Model (also known as the Glazier-Graner-Hogeweg
model or GGH) [34]. The cell interactions are characterized through a total energy (or Hamiltonian, H)
H =
∑
(~x,~x′)
Jτ(σ(~x)),τ(σ(~x′))
(
1− δσ(~x),σ(~x′)
)
+ λarea
∑
σ>0
(aσ −Aσ)2 +H ′, (1)
where J are the contact energies between cells, aσ the cell area and Aσ the target cell area. In addition,
τ(σ) represents the type of the cell occupying a grid space σ, which in our model can be either the
astrocyte or one of the two EC phenotypes (stalk and tip cells). The Kronecker delta function is δx,y =
1, if x = y; 0, if x 6= y, and the term (1 − δσ(~x),σ(~x′)) ensures that adhesive energy only accrues at cell
surfaces (not inside the cells). H ′ can be any constraint on the cell behavior (e.g. chemotaxis [60],
haptotaxis [66], cell elongation [52]). To mimic cytoskeletally driven, active surface fluctuations, a lattice
site ~x and a neighboring target ~x′ are randomly selected. Then we calculate how the effective energy
would change if the initial site displaced the target. If the energy decreases (∆H = Hnew −Hold < 0),
the change occurs with probability 1. However, if H increases (∆H > 0), the change will be accepted
with Boltzmann probability, p = exp(−∆H/T ), where T is the ‘temperature’ (like thermal fluctuations
in statistical physics [11]) of the system; T influences the likelihood of energetically unfavorable events
taking place: the higher T , the more out-of-equilibrium the system will be. Biologically, T represents the
amplitude of cell membrane fluctuations (and not active cell movement). On a lattice with M sites, M
site copy attempts represent our basic unit of time, one Monte Carlo Step (MCS).
In Table 2 we summarize the different behaviors of the stalk and tip cells, which are discussed in
detail in the following sections.
Table 2. Stalk and tip cell behaviors
Behavior Stalk cells Tip cells
1. chemotaxis weak strong
2. growth if adjacent to tip cells none
3. mitosis if cell area(a(t)) > 2a(0) and none
cell cycle time >17 hrs
4. elongation target length = a/2 target length = a/2
(if adjacent to tip cells)
5. switch phenotype become tip become stalk
if Delta>threshold(D∗) if Delta<threshold(D∗)
For the computational results presented in the next section, we use the open-source simulation en-
vironment CompuCell3D (CC3D) [34]. We ran our simulation on a 200µm x 200µm lattice (with no
7flux boundary conditions) as depicted in Figure 2 with the parent vessel located along one side and the
astrocyte located at distance L from the blood vessel. Although an astrocyte might be found (∼10 µm)
or (>20 µm) away from a blood vessel [50], we considered L = 60µm such that the stalk-tip cell dynamics
could be clearly visible and captured along the new sprout formation.
L
Figure 2. Model setup. Model setup on the numerical domain with astrocyte (VEGFA source).
Key: stalk cells (red); astrocyte (blue).
By equating the initial cell surface area in the model to the real cell size (e.g. 5x5 pixels = 10x10
µm2 [69]), we can convert the lattice spacing to microns (1 pixel = 2 µm; 1 pixel represents square region
of length 2 µm). In addition, we set the time conversion to be 1 MCS = 0.01 hrs, a value similar to those
used in other CPM studies [7, 17].
Mitosis
It is well accepted that in the absence of EC proliferation, angiogenesis is incomplete, that is, the ECs
fail to reach their target [3]. Sprouting is possible without EC proliferation only up to a limited extension
length. Proliferation is necessary to sustain sprouting for a longer period and to produce a sprout which
is long enough to reach its target [31].
After tip cell activation by VEGFA, small sprouts form by aggregation and migration of ECs that are
recruited from the parent vessel. The sprout further extends when ECs in the sprout begin to divide [4,27].
Tip cells rarely proliferate [32] compared to the strongly proliferative stalk cells, which support sustained
elongation of the growing sprout [32].
In our cell level model, we postulate that only stalk cells adjacent to tip cells proliferate, because
otherwise (if all stalk cells divide) that would lead to a thick/swollen parent vessel. In an attempt to
avoid any predefined or probabilistic rules (as in [57]), each cell carries a clock defined as
dφ
dt
=
{
a1 , if cell is stalk adjacent to tip,
0 , otherwise,
(2)
which progresses only when the cell is a stalk cell that is adjacent to a tip cell, and a1 is chosen to be the
time conversion between the real and in silico time (a1 = 0.01 hrs/MCS). In addition, the target area
of a cell (A) grows with a rate µ = 2A−Acell cycle =
25
1700 = 0.0147 pixels/MCS. A stalk cell can divide if two
conditions apply: 1) its clock reaches the cell cycle duration (17 hrs as evaluated later in the experimental
results section, which is very close to the value of 18 hrs used in [7,17]), and 2) its cell area doubles. Note
that φ(0) ∈ (0, 17) (at t = 0 φ(0) is drawn randomly from a uniform distribution), and when φ(t) = 17
it is reset to zero.
Cell division involves assigning half of the area to its two daughter cells, and they each inherit the
properties (stated in Table 2) of their parent. Endothelial proliferation might be influenced by VEGF
(as modeled in Qutub and Popel [57]). For simplicity, however, we assume that the proliferation rate is
8independent of any external (growth) factors. In other computational models, Milde et al. [53] considered
proliferation of the tip cell and assumed that a capillary branches when its tip cell divides. On the other
hand, Bentley et al. [9] excluded cell growth and division in their study by focusing exclusively on the
early stages of sprouting.
Elongation
To elongate the stalk region, stalk cells must divide, but cell elongation also seems to be important [52].
Experimental results in [33] show that stalk cells in close contact with tip cells appear to elongate.
In our model, the elongation of tip cells and those stalk cells which are adjacent to tip cells is
incorporated by following Merks et al. [52] and including an extra term in the energy equation (1) of the
form:
H ′length = λlength
∑
(lσ − Lσ(t))2 , (3)
where lσ is the length of cell σ along its longest axis, Lσ(t) its target length, and λlength the strength
of the length constraint. We do not assign a constant target length as in Merks et al. [52]; instead, we
impose a dynamic constraint on the target cell length so that
Lσ(t) = aσ(t)/2, (4)
where aσ(t) is the current cell area at each MCS. One of the main reasons for implementing tip and stalk
cell elongation in the way described above is to prevent cells from elongating before tip cell activation. In
addition, by dividing cell area by 2, and by also considering that cells double in size before they divide,
it allows the cells to have a length in the range (from aσ(0)/2 to aσ(0)).
Extracellular level
ECM implementation and haptotaxis
ECM is an important factor with which the cells interact. In CC3D, the substrate (e.g. medium) is
normally represented as a fixed cell covering the whole computational domain. In order to model a
non-uniform ECM, we distributed ECM fibers randomly in the numerical domain as shown in Figure 3.
We suppose that ECM fibers are thinner than the cell size (width = 1 pixel), and we assume that the
ECM is rigid (fixed in space). That is, cells do not produce or degrade ECM. Each pixel in the numerical
domain occupied by an ECM fiber is given a non zero (=1) value (and zero elsewhere), so that the cells
can preferentially adhere to the fibers.
1.0
0.0
0.5
Figure 3. ECM structure. Extracellular matrix (ECM) structure as implemented in the CPM
framework with the colorbar showing the ECM levels.
9Haptotaxis, the directional migration of cells up ECM gradients, can be incorporated into the model
by including the following contribution to the energy term in equation (1)
H ′hapt = λECM (ECM(~x)− ECM(~x′)) , (5)
where, ECM(~x) is the ECM concentration at site ~x, and λECM is the strength of the preferential
attachment to ECM.
Experimental studies showed that tip cells must first break through the basement membrane of the
parent blood vessel, and afterwards, proteolytically degrade and invade into the ECM in order to form
a new capillary [45]. In addition, aligned fibers in the ECM can guide cell migration, and these guiding
structures can in turn be remodelled by EC tip cells [45]. Differences in ECM rigidity or stiffness can
also direct migration. However, remodeling of ECM by ECs, stiffness of ECM, and ECM degradation are
not considered in our model, since we don’t expect stiffness to vary much across the retina, and we don’t
expect the others to contribute much to the overall process.
The effect of non-uniform ECM on the sprout formation has been modelled previously by Bauer et
al. [7], and Milde et al. [53]. Briefly, in [7], the authors assumed that branch splitting resulted from ECM
inhomogeneities, and in [53], the authors showed that the structure and density of the ECM has a direct
effect on the morphology, expansion speed and number of branches.
VEGFA: concentration and local gradients
VEGF is one of the main growth factors involved in angiogenesis. Experimental studies have demonstrated
that the absolute VEGF concentration and the VEGF gradient play distinct roles (proliferation and
migration, respectively) in new blood vessel formation [31]. Cells interact with their microenvironment,
which is characterized by the local concentration of astrocyte-derived VEGFA, and evolves according to
the following equation:
∂[V EGF ]
∂t
= D∇2[V EGF ] + s− δ[V EGF ], (6)
where [V EGF ] is the VEGFA concentration which diffuses in the domain (with no flux boundary con-
ditions), D is the diffusion coefficient, s represent the secretion rate by astrocyte, and δ the decay rate.
Chemotaxis can be incorporated by including an additional reduction in the total energy (equation (1))
for extensions and retractions towards higher concentrations of VEGFA (as described in [60])
H ′chem = λchem (V EGF (~x)− V EGF (~x′)) , (7)
where, ~x′ is the neighbor into which site ~x copies its id (σ), and λchem is the strength of the chemotactic
sensitivity to VEGF gradients.
In [8,9,57], a fixed distribution of VEGFA was specified whereas in our model VEGFA can be dynamic
(its concentration can change with position and time). As we will see in the next section, its concentration
regulates levels of Delta [47], whereas local gradients in its spatial distribution guide tip cell migration
and, thereby, sprout polarization.
Subcellular level: modeling lateral-inhibition
At the subcellular level, tip cell activation is regulated via the Notch-Delta signaling pathway, which
is stimulated by VEGFA. The contact lateral-inhibition effect for the exchange of the EC (stalk-tip)
phenotype is implemented using a modification of a well established mathematical model that has been
proposed by Collier et al. [18]. The model is defined by a set of coupled ordinary differential equations
(ODEs), which describe the dynamic processes of Delta and Notch activation and inhibition between cells
that are in contact with each other. Motivated by the experimental work of Lobov et al. [48], where the
authors have shown that Delta is induced by VEGFA in the retinal vasculature, we extend Collier’s model
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by incorporating the contribution of VEGFA (as defined in equation (6)) in the following non-dimensional
ODE system,
Delta :
dDj
dt
= v
(
α
[V EGFj ]
V EGFh + [V EGFj ]
1
1 + bN2j
−Dj
)
,
Notch :
dNj
dt
=
D¯j
2
a+ D¯j
2 −Nj ,
trans−Delta : D¯j =
∑
i
DiPij
Pj
.
(8)
where, Dj , Nj , are the levels of Delta and Notch in cell j, respectively. [V EGFj ] =
∑ω
i V EGFji
aj
is the
average VEGFA in a cell j; that is, the sum of VEGFA at every pixel i inside cell j over the cell area, aj ,
where ω is the total number of pixels in cell j. V EGFh is the VEGFA level at which the production rate
of Delta is half maximal. The trans-Delta (D¯j) is taken to be the sum over the immediate (contacting)
neighbors i of cell j. Pj is the perimeter of cell j, and Pij is the common area of cell j with its neighbor
cells i, which is defined as
Pij =
∑
(~x,~x′)
(
1− δσ(~x),σ(~x′)
)(
1− δσ(~x′),0
)
δσ(~x),i. (9)
The summation being over all pairs of adjacent sites in the lattice.
Equations (8) describe (i) the activation of Notch production within each cell as a function of the
levels of (trans-) Delta expressed by neighboring cells, and (ii) the inhibition of Delta expression by
Notch. The novelty in our model is (iii) the activation of Delta production by extracellular VEGF. In
the absence of VEGF signaling, there is no up-regulation of Delta and, therefore, no tip cell activation.
For a detailed mathematical analysis on perturbations of the homogeneous steady state of equations
(8) and parameter ranges in which the ‘salt-pepper’ pattern is maintained the reader is referred to
Supplementary Information. In the next section results from our multiscale model are presented. We
implemented equation (8) using the Systems Biology Workbench [10] integrated within the CC3D [2].
Parameters
The default parameter values used for our simulations are summarized in Table 3, unless otherwise stated.
Below we provide a discussion on how some of those were estimated.
Cell-cell adhesion: contact energies (J)
Interactions between neighboring pixels have an effective energy, J (as it appears in equation (1)), which
characterizes the strength of cell-cell adhesion. Larger J means more energy is associated with the
interface between two cells, which is less energetically favorable, corresponding to weaker adhesivity.
In the simulation results that follow, we use the following set of contact energies: Js,t = 3, Js,s = 3,
Jt,t = 10, where s, t stand for stalk and tip cell, respectively. In doing so, we assume strong adhesion
between stalk and tip cells, and weaker adhesion between tip cells. Therefore, fusion of two tip cells will
emerge dynamically (from the chemotactic direction and/or ECM alignment), and not from preferential
adhesion between tip cells.
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Tip cell activation
In Qutub and Popel [57], a tip cell can be activated if and only if the VEGF concentration exceeds a
threshold value, [VEGF]>0.5 ng/ml.
In our model, a tip cell is activated if its Delta level exceeds a non-dimensional threshold value
(D∗ = 0.27). We remark that this threshold has not been evaluated from any experimental measurements,
but this may be evaluated in future experiments.
Table 3. Default parameter settings for simulations
Parameter Description Value Reference
Cell features:
A cell target area 100 µm2 [69]
T cell-membrane fluctuations 1 /
λarea resistance to changes in size/area 10 /
λlength resistance to changes in length 15 /
λchem(stalk) chemotaxis strength for stalk cells 50 /
λchem(tip) chemotaxis strength for tip cells 200 derived
λECM strength of preferential attachment to ECM 60 derived
Adhesion:
Js,t stalk-tip contact energy 3 /
Js,s stalk-stalk contact energy 3 /
Jt,t tip-tip contact energy 10 /
VEGFA:
D diffusion constant VEGFA 10−11 m2/s [7]
s secretion rate VEGFA 0.138 µM/s /
δ decay rate VEGFA 1.6x10−4 1/s [7]
D∗ Delta threshold for tip cell activation 0.27 /
Subcellular model:
ν the ratio of the decay rates of Delta and Notch activities 1 [18]
α maximal Delta production rate 1 /
b strength of Notch negative feedback to Delta 100 [18]
a sensitivity of Notch to Delta 0.01 [18]
V EGFh VEGF level at which Delta production rate is half-maximal 1 /
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Results
Experimental results
In the retina, the vasculature advances centrifugally from the optic nerve to the periphery. The network of
growing capillaries expands on a previously organized template of astrocytes embedded on a fibronectin-
rich matrix. This template of matrix also provides VEGFA that signals to VEGFR2 promoting migration,
proliferation and expression of Dll4 by the tip cell. Figure 4 shows vascular network (red) advancing on
a template of fibronectin (green), with the magnified window highlighting single vascular sprouts; the
focus of our in silico model.
A B
Figure 4. Vascular network expanding over fibronectin-rich matrix. (A) Blood vessels
(PECAM = red) undergoing active expansion advance over an ECM rich in fibronectin (fibronectin =
green). Scale = 100um. The box has been magnified on the right and demonstrates the intricate
association between tip cells (arrows) and the fibronectin fibrils (green). Scale = 20um. (B) Mouse
retina was stained with sFlt1-Fc receptor to detect VEGF (green) and stained with isolectin (red) to
label the vascular plexus; scale: 20um. Astrocytes might be the VEGFA source cells [68].
Cell cycle kinetics
The proliferation kinetics of the endothelium is an important parameter when modeling the progression
of angiogenesis. The kinetics of cell cycle progression (tcycle) was estimated based on data that provided
the number of EC from retinas at different developmental (post-natal time) stages, as provided in Figure
5.
EC sprouting from the ophthalmic vein begins around the day of birth, and a dense plexus arrives at
the retinal periphery by post-natal day 7. For this reason we are interested in sprout behavior from day
6 to day 7 (at the end of the angiogenic process) and, therefore, we calculate tcycle as follows,
N7 = N62
24/tcycle
tcycle = 24 log2
(
N7
N6
)
' 17 hrs, (10)
13
0 2 4 60
5
10
15x 10
4
time (days)
# 
EC
s
(A)
Figure 5. Endothelial cells in retina. Number of endothelial cells from retinas at different
developmental (post-natal time) stages. Error bars show the mean ± S.E.M.
where, Nj is the number of ECs in retina at day j.
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Computational results
In this section we consider first the influence of cell shape on Notch-Delta (‘salt-pepper’) patterning, and
then different scenarios regarding VEGF and ECM profiles.
Dynamic cell shape
Figure 6(A) shows that ‘salt-pepper’ patterning in strings occurs when Φ = αh(V )FG < −2 (see equation
(20) for Φ and equation (17) for the definitions of F and G) in the Appendix. Briefly, the last inequality
implies that h(V ) should be sufficiently large (with VEGF> 0.07), and lateral inhibition (FG) should be
sufficiently strong for patterning. Figure 6(B) shows that in fixed cell geometries (without cell movement,
fluctuations, proliferation or elongation) there is no patterning for VEGF below this threshold. However,
if cells are allowed to move, this condition does not necessarily hold, and we can generate patterning for
VEGF< 0.07 (see Figure 6(C)). This happens because if cells are not fixed, D¯j as in equation (8) changes
since Pij (the contact area between cells j and its neighbors i) changes. In Figure 6(b), the cells at the
ends of the string have larger Delta levels than the others, since they have only one neighbor and hence
a smaller value of D¯j (trans Delta), which results in increased Delta.
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Figure 6. Influence of cell shape on Notch-Delta patterning. A) Φ as in equation (20) over
uniform VEGF. Patterning occurs when Φ < −2 which implies a threshold on VEGF (VEGF> 0.07).
(B-C) Delta profile with and without fixed cell geometries (with/without cell movement), respectively,
in 1000 MCS. There is no patterning in fixed cell geometry for VEGF< 0.07 as expected, however,
patterning occurs when all cell behaviors (e.g. membrane fluctuations, elongation, stalk-tip transitions)
are allowed except chemotaxis. Parameters for the model (12): VEGF= 0.05, α = 1.
Scenarios regarding VEGF and ECM profile
Here we investigate the effect of different VEGF and ECM profiles (summarized in Table 4) on sprout
morphology and evolution. Figure 7 shows representative snapshots of sprout evolution in each scenario,
and below we provide more detailed results.
In the following, for scenarios 1 and 2 which involve spatially uniform VEGF, we choose sufficiently
large VEGF (= 1) so that patterning can occur. In addition to Notch-Delta patterning, scenarios 1 to 6
allow for cell movement and all the other cell behaviors summarized in Table 2.
No VEGF gradient (scenarios 1 & 2)
In scenarios 1 and 2, there is no VEGF gradient, which implies no sprout polarization. Figure 7 shows
that cell proliferation and elongation are undirected and, therefore, stalk and tip cells evenly fill the space.
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Table 4. Different scenarios regarding VEGF and ECM profiles presented in Figure 7
Scenarios
1. homogeneous VEGF & homogeneous ECM
2. homogeneous VEGF & heterogeneous ECM
3. static VEGF gradients & homogeneous ECM
4. static VEGF gradients & heterogeneous ECM
5. heterogeneous VEGF & homogeneous ECM
6. heterogeneous VEGF & heterogeneous ECM
This cell behavior results in a reduced EC migration (as discussed later). That was also found and is
consistent with experiments reported in [32, 54], where a spatial gradient in VEGF was removed in the
retina, by increasing expression levels of VEGFA in transgenic mouse models. In scenario 2, the addition
of a non-uniform ECM has a weak effect. A parameter which could potentially have an effect on that
is the λECM (the preferential attachment of cells to the ECM). That is, if λECM is large, the cells are
more attracted to the ECM fibers. However, we will see later that this could adversely affect (decrease)
sprout extension.
Static VEGF gradient (scenarios 3 & 4)
In these scenarios we incorporate static VEGF gradients, which eventually lead to swollen sprout forma-
tion either with or without ECM.
Results in scenarios 1 to 4 approximately up to day 1 look quite similar. That is, sprouts are dominated
by single elongated tip cells. However, there are distinct differences on days 2 and 3. Particularly, in
scenarios 3 and 4, cell proliferation is focused on single sprouts as a result of the steep VEGF gradients.
Dynamic VEGF from single source (scenarios 5 & 6)
Here, a fixed astrocyte (VEGF source) is responsible for the VEGF gradients. The resulting morphology
of the capillary sprout is determined by two main mechanisms: the astrocyte-derived VEGFA, which
activates the Delta activity in each cell (according to equations (8)), and the Notch-Delta signaling
pathway which yields the ‘salt-pepper’ pattern with tip cells migrating up VEGFA gradients.
Figure 7 (scenarios 5 and 6) demonstrates the model’s ability to reproduce realistic capillary sprout
morphologies (up to ∼18 hrs). Scenario 5 (with homogeneous ECM) can give a polarized sprout, but
scenario 6 with heterogeneous ECM gives narrower sprouts in 12-18 hrs.
Therefore, we suggest that scenario 6 provides a close approximation to a growing vascular sprout.
However, since the astrocyte is fixed it does not allow for a longer sprout formation, because at late time
points (days 2-3) we observe a mass of cells surrounding the astrocyte.
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72 hrs VEGF ECM 85 hrs 12 hrs 24 hrs 100 hrs 38 hrs 
Figure 7. Sprout evolution in different VEGF and ECM profiles. Representative simulation
snapshots (from 10 simulations) of sprout evolution for the six scenarios outlined in Table 4. Scenario 6
appears at 18 hrs to be the closest approximation... Key: stalk cells (red), tip cells (yellow), fixed
astrocyte (blue).
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Extension speed matches experiment with dynamic VEGF and presence of ECM
As we described before, scenario 6 provided the best approximation to sprout morphology as in Figure
1, and henceforth, all results which proceed are derived under this scenario, unless otherwise stated.
Sprout length is determined by measuring the distance from the parent blood vessel (located at the
one side of the domain) to the leading tip cell’s centre of mass. Average sprout extension speed is then
calculated as the final sprout length over time. Simulation results (up to 18 hrs; the time needed from
the sprout to reach the astrocyte in scenario 6) showed that scenarios 5 and 6 are the ones with the
highest speed and in agreement with experimental data (∼3.5 µm/hr) since cell proliferation is focused
on a single sprout, whereas the speed in scenarios 1-4 is much slower (∼1 µm/hr).
Figure 8 shows that when the head tip cell of a growing sprout contacts other sprout (other head
tip cell), new cell-cell junctions are established and the sprouts become connected (a behavior called
anastomosis).
A B C D
Figure 8. Sprout anastomosis (fusion). Representative simulation snapshots from scenario 6
(different realization from Figure 7) of sprout evolution showing the model’s ability to reproduce
anastomosis. (A)-(B) Tip cell fusion (two adjacent tip cells) in 8 and 12 hrs, (C) one of the two tip cells
becomes a stalk cell (lateral-inhibition effect from Notch-Delta signaling) in 13 hrs, and (D) the leading
tip cell moves up the astrocyte-derived VEGFA gradients in 18 hrs. Key: stalk cells (red), tip cells
(yellow), astrocyte (blue).
We also investigated the effect of cell elongation on the sprout formation in scenario 6, and results (not
presented here) showed that if stalk cells adjacent to tip cells are not able to elongate, then the sprout
splits. Similarly, if both stalk and tip cells are not able to elongate, the same is true. Together this
suggests that cell elongation is necessary for sprouting. However, if cell proliferation was increased that
could sometimes prevent cell detachment, but the sprout width would increase which is not desirable.
Perturbation experiments: Notch-Delta knockouts
The VEGFA-Dll4-Notch1 signaling appears to be critical to vascular development. In this section we
summarize published experimental results on VEGFA-Dll4-Notch1 signaling, and aim to address its
importance in sprout growth in in silico knockout experiments.
In vitro knockout experiments of Notch-Delta signaling:
The dynamic interaction between VEGF and Notch-Delta signaling was unravelled independently by
several groups while studying the process of angiogenic sprouting in the postnatal mouse retina [35,48,65].
They all observed Dll4 expression in ECs at the leading front of the vascular plexus and found that
inhibition of Notch-Delta signaling results in increased vascular density due to excessive sprouting.
Similar findings were described in the zebrafish intersegmental vessel (ISV) sprouting model. Inhi-
bition of the Notch pathway induced hyperbranching of the ISVs and leaded to an increased number of
ECs [44,64]. By contrast, overexpression of the activated Notch receptor blocks sprouting of the ISVs [64].
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In addition, haploinsufficiency (when in diploid organisms one of the two copies of a gene is mutated)
of the Dll4 gene was embryonically lethal in many mouse strains as a result of extensive vascular defects
[29,43].
Published in silico knockout experiments:
Here we briefly discuss results obtained from two in silico models which attempted to address the effects
of Notch-Delta (Dll4+/-) knockout experiments on vessel development.
Qutub and Popel [57] studied the effects of VEGF protein concentrations and Dll4 haploinsufficiency
(Dll4+/-) on capillary network formation. Without VEGF or with local VEGF levels less than 0.6 ng/ml,
the ECs were not activated. Regarding the effect of haploinsufficiency of Dll4 on blood vessel sprouting,
it was found that in Dll4+/- condition, the relative total vessel length and the number of tip cells in
24 hrs increased compared to control conditions. The activity (and haploinsufficiency) of Dll4 in [57] is
ingrained in the model in a rule-based way, e.g. tip cell proliferation, the maximum number of tip cells,
and the rules in branching are different in Dll4+/- and Dll4+/+ conditions.
Bentley et al. [8] implemented the Dll4+/- in silico experiments by varying a parameter δ, which
controls the expression level of Dll4 in response to VEGF (equivalent to parameter α in our model (20)).
In particular, a Dll4+/- heterozygous knockout genotype was simulated by halving δ, in which case
the lateral-inhibition effect (stalk-tip cell patterning) from Notch-Delta signaling was not possible The
authors suggested that a Dll4+/- mutant would perform normal patterning in twice the VEGF level.
New knockout (Dll4+/-) experiments in our in silico model:
(A)The impact on ‘salt-pepper’ patterning in uniform VEGF environment
In Figure 9 we present results from our in silico model in a Dll4+/- condition and its impact on ‘salt-
pepper’ (alternating stalk-tip cell) patterning in uniform VEGF environment. We follow a similar ap-
proach as in [8] in order to allow comparison between the two models; that is, vary α (the sensitivity of
Delta to VEGF). Our parameter choice (e.g. VEGF=1 (as in scenarios 1 and 2 in Figure 7), and α = 1)
in the parameter space (α, VEGF) sets our case to be at point P1 (see Figure 9(A)). If we move from P1
to P2, or P2 to P3, or P3 to P4 by halving α each time (see Figures 9(B)-(D)), then we get patterning
for all cases since we are in the white region of Figure 9(A), where Φ < −2 as in equation (20). However,
if we move from P4 to P5, we lose patterning (high Delta in all cells). As we mentioned above, Bentley
et al. in [8] suggested that if we double the VEGF level, patterning could be recovered. We show here an
example where if we move from P5 to P6 (by doubling VEGF from 1 to 2) patterning is not recovered (see
Figures 9(E)-(F)). Therefore, our results suggest that recovery from Dll4 haploinsufficiency by doubling
VEGF is not necessarily possible.
(B)The impact on sprout formation in non-uniform VEGF environment
In Figure 10 we present results in a Dll4+/- condition and its impact on sprout formation and extension
speed in the presence of an astrocyte (non-uniform VEGF environment). We focus on the case where α
is low (e.g. α = 0.05 as in Figure 9(F)) where the ‘salt-pepper’ patterning breaks down. In particular,
depending on D∗, the Delta threshold for tip cell activation (see Table 3), cells tend to become either
‘all stalk’ or ‘all tip’ cells. It is shown that when D∗ is high (e.g. D∗ = 0.27) cells become ‘all stalk’.
In this case a thick sprout evolves with a low extension speed (lower from the average extension speed
in normal situation; see Figure 10(B)) since stalk cells chemotact towards the astrocyte less strongly
compared to tip cells. For intermediate values of D∗ (e.g. D∗ = 0.021) more than one tip cell start to
accumulate at the front of the sprout, which result in the splitting of the new sprout. Finally, when D∗
is low (e.g. D∗ = 0.0095) cells become ‘all tip’. Tip cells strongly chemotact towards astrocyte, which in
turn adversely affect the integrity of the parent blood vessel. In conclusion, all these cases characterize
pathological angiogenesis, which all emerged from low α.
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Figure 9. ‘Salt-pepper’ patterning along the blood vessel in in silico Notch-Delta
(Dll4+/-) knockout experiments in uniform VEGF. (A) VEGF over α (the sensitivity of Delta
to VEGF) shows the ranges of ‘salt-pepper’ patterning when Φ < −2 as in equation (20). The
movement from point P1 to P5 (by halving α each time) represents Dll4+/- haploinsufficiency
condition. (B)-(F) Delta levels in different combinations of uniform VEGF and α where patterning does
or does not occur. In particular, (B) P2; α = 0.5, (C) P3; α = 0.25, (D) P4; α = 0.12, (E) P5; α = 0.06,
with VEGF=1, and (F) P6; α = 0.06, with VEGF=2. We observe that in (B) there is a distinct
‘salt-pepper’ pattern (alternating of low and high Delta among neighboring cells). In particular, cells
with high Delta are more likely to become tip cells, and cells with low Delta to become stalk cells.
However, while α decreases (from (B) to (F)) it appears that adjacent cells do not inhibit each other
fully, and thereby, it may not lead to a ‘salt-pepper’ pattern. In the case where α is very low, cells share
approximately the same Delta levels, and thereby, they could become either ‘all stalk’ or ‘all tip’ cells
(pathological angiogenesis) depending on the Delta threshold for tip cell activation (given in Table 3).
Sensitivity analysis
We have reported a rather complicated model that considers effects of intracellular Notch-Delta signaling,
cell-cell adhesion, and cell-environmental interactions (chemotaxis and haptotaxis). The model has many
parameters, listed in Table 3, not all of which have direct experimental measurements. We examine
the effects of the parameters whose values we cannot obtain from experiments and study their effects
on the simulation results. In our model, simulations were performed in which parameters were varied
independently from their reference values presented in Table 3.
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Figure 10. Sprout formation and extension speed in in silico Notch-Delta (Dll4+/-)
knockout experiments in non-uniform VEGF by varying D∗, the Delta threshold for tip
cell activation. (A) Evolution of sprout morphology over D∗ when α, the sensitivity of Delta to
VEGF (as in equation (20)), is low (see Figure 9(F)). In particular, when D∗ is low all cells along the
sprout become tip, and their strong chemotaxis towards the astrocyte result in splitting of the parent
blood vessel. For intermediate values of D∗ the sprout splits due to the accumulation of more than one
tip cell at the front of the sprout. Finally, when D∗ is high all cells become stalk which result in a thick
sprout. Key: stalk cells (red), tip cells (yellow), astrocyte (blue). (B) Average sprout extension speed
from 10 simulations in 7 hrs for D∗ = 0.0095, 13 hrs for D∗ = 0.021, and 42 hrs for D∗ = 0.27. The
dashed line corresponds to the average extension speed (∼3.5 µm/hr) from our experimental data at
postnatal day 7. In the case where all cells are stalk, the sprout extension speed is slower than the
normal (Dll4+/+) situation. However, the extension speed increases dramatically as D∗ decreases.
Error bars show the mean of simulations ± S.E.M.
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VEGF decay rate:
The spatial distribution of VEGF has several influences on angiogenesis. Firstly, we varied VEGF gradi-
ent, via the decay rate of VEGF (δ) as in equation (6).
Figure 11(C) shows that intermediate decay rates imply directed sprouting. However, in small decay
rates (Figure 11(A)-(B)) the sprout morphology dramatically changes. The sprout splits off resulting
in a mass of cells surrounding the fixed astrocyte, as a consequence of strong chemotaxis induced by
steep VEGF gradients (Figure 11(E)). On the other hand, a large decay rate (Figure 11(D)) may induce
shallow VEGF gradients and low VEGF levels, which in turn do not allow for tip cell activation.
Increasing the VEGF decay rate could be equivalent to an anti-VEGF therapy characterized by the
administration of e.g. a VEGF antibody a molecule which binds to VEGF with high affinity so that
the free VEGF available to ECs is reduced [71]. Anti-VEGF therapy depends on the pericyte coverage
of a sprout. In retina at day 10 all vessels are fully covered by pericytes and are resistant to anti-
VEGF therapy [41]. Our model does not incorporate pericytes, which could be considered for future
implementation.
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Figure 11. Variation of VEGF decay rate (δ). The markedly different capillary sprout
morphologies (after ∼5 hrs) that result from small (A)-(B) δ = 0.0025, 0.005 respectively, intermediate
(C) δ = 0.01, and large (D) δ = 0.02, VEGF decay rate δ (1/min). (e) Cross section of VEGF gradients
for the four different cases of δ. Cells of the parent blood vessel are located within 0-10 µm, and the
astrocyte at x = 70µm. See Figure 2 for the model setup. Key: stalk cells (red), tip cells (yellow),
astrocyte (blue).
Strength of chemotaxis:
Chemotaxis promotes migration up the astrocyte-derived VEGFA gradients, and in this section, we
investigate the effect of chemotactic strength, λchem, on the evolution and morphology of sprouting.
The value of λchem might depend on the amount of receptors for the chemoattractant expressed by the
cells [63], and is hard to get values in measurable units. Therefore, a range of values was tested to find a
close approximation to a growing vascular sprout.
In Figure 12 we show morphological results of sprout formation from three examples: (A) low, (B)
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intermediate, and (C)-(D) high λchem. Figure 12(A) shows that if strength of chemotaxis from tip cells
is low that will eventually prevent sprouting (sprout will not reach the astrocyte). However, if it is large
(Figure 12(C)-(D)), the sprout splits off, which is comparable with low VEGF decay rate as it is shown
in Figures 11(A)-(B). Strong chemotaxis can increase the extension speed and promote cell elongation,
but the stronger the chemotaxis, the stronger the cell-cell adhesion is needed to keep cells in contact
and avoid cell detachment. Therefore, a better chemotactic response is achieved at intermediate λchem
(Figure 12(B)), where there is a balance between cell-cell adhesion and chemotactic migration.
A B C D
Figure 12. Variation of the strength of chemotaxis (λchem). Snapshots of growing sprouts after
5 hrs (except (C) 1 hr) by varying λchem in three different cases, (A) low; λchem = 10, (B) intermediate;
λchem = 200, and (C)-(D) high λchem = 500.
Strength of preferential attachment to ECM:
Next we investigate the role of haptotaxis on the speed and morphology of the sprout formation by
varying the strength of preferential attachment to ECM, λECM (see equation (5)). Figure 13 shows, as
might be expected, that as λECM increases the speed decreases (e.g. ∼2 µm/hr for λECM = 100) and the
sprout is not able to reach the astrocyte since cells strongly adhere to the ECM. However, intermediate
values (e.g. λECM = 60; default value) give a good speed approximation to experimental data (∼3.5
µm/hr).
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Figure 13. Speed of sprout over λECM . We investigate how much the strength of preferential
attachment to ECM, λECM , can affect the speed of the sprout. It is shown that the higher the λECM ,
the stronger the attachment to the ECM, which implies lower speed of the sprout. Error bars show the
mean of 10 simulations ± S.E.M. The dashed line corresponds to the average extension speed (∼3.5
µm/hr) from our experimental data at postnatal day 7.
Feedback between astrocyte and the new sprout
Empirical observations show that high concentrations VEGF is always located in the sprout front (see
Figure ??(B)), suggesting a reciprocal interaction between the sprout and the source cells [68]. Two
possible mechanisms are: 1) the VEGF source cells are moving away from the expanding sprout fronts,
and 2) the VEGF source cells are spatially fixed, but only actively produce VEGF when interact with
sprout tip. In both cases, it means a moving VEGF source. We consider the case of VEGF source cell
migration.
As we described in Figure 7, scenario 6 provides a close approximation to a growing vascular sprout.
However, astrocytes might not in fact be fixed in space, and therefore, we extend our model (in scenario
6) by allowing astrocyte motility to study the effect of a motile VEGF source. This is implemented by
incorporating in the energy equation (1) the following constraint
H ′motility = r(cosθ(t), sinθ(t)) · (~x− ~x′), (11)
with r determining the cell speed, and θ the rotation angle. Two important questions arise at this point:
first, regarding the speed of the astrocyte, and second, the time point that the astrocyte should start
moving. A reasonable answer to start with would be to allow the astrocyte to start moving from the
beginning of each simulation.
Astrocyte moves from the beginning: sprout splitting
We start by allowing the astrocyte to move from the beginning of each simulation, and with θ = 0 so
that it moves preferentially parallel to the x-axis and to the right-hand side (away from the blood vessel).
Since r represents the speed, it would be appropriate to assess the sprout behavior in various values of
r. In doing this, we found that for low/medium values (with speed below 3.5 µm/hr), the sprout can
reach the astrocyte, and henceforth, the dynamics of the sprout have a strong effect on the motility and
direction of the astrocyte because of cell-cell adhesion and chemotaxis. Reassuringly, when r lies within
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low/medium ranges the sprout forms up to a certain time point. However, the sprout eventually splits,
presumably at the point where the VEGF gradients become less steep. We observed that after 42 hrs the
detached section of the sprout continues to ‘push’ (chemotacting towards) the astrocyte. On the other
hand, if r is large (and speed becomes greater than 3.5 µm/hr), the sprout is no longer able to reach the
astrocyte, and eventually all the cells in the blood vessel become or remain as stalk. Therefore, in this
case we get no sprout formation (morphological results not shown).
Astrocyte moves only when in contact with the sprout: long sprout formation
The above results suggest that some form of coupling between sprout and astrocyte movement might be
important. Thus we incorporate a mechanism in which the astrocyte can move only when it comes in
contact with an endothelial stalk or tip cell, and we find that this does result in a straight sprout without
cell detachment (see Figure 14 for an example). Although the mechanism is not well understood, this
seems to be consistent with a concept suggesting the existence of a feedback between astrocyte and the
ECs of the new sprout [68].
A B C D
Figure 14. Sprout evolution with a moving astrocyte. Representative snapshots (A) 6 hrs, (B)
24 hrs, (C) 48 hrs, (D) 72 hrs show that by adding motility to the astrocyte in scenario 6 can result in a
long sprout formation without sprout splitting as is the case with a fixed astrocyte. Astrocyte motility
is described as in equation (11), and the astrocyte moves only when in contact with the an endothelial
stalk or tip cell. Key: stalk cells (red), tip cells (yellow), astrocyte (blue).
Discussion
In this paper, we have developed a 2-D multiscale Cellular Potts Model (CPM) with the aim to understand
the dynamic interaction between stalk and tip cells (two endothelial cell (EC) phenotypes) during sprout
formation integrated via the VEGFA-Delta-Notch signaling pathway.
Sprouting angiogenesis requires activation of normally quiescent ECs in pre-existing blood vessels,
breakdown of existing basement membranes, migration of activated cells led by one or more endothelial
tip cells and proliferation of a subset of activated ECs (stalk cells). The complex biological processes
leading to sprout formation are a consequence of cell-level decisions that are based on global signals
(e.g. VEGFA signaling) and juxtacrine communication (e.g. Notch-Delta signaling). In particular,
extracellular VEGFA activates the intracellular Notch-Delta pathway in ECs which result in endothelial
(stalk, tip) differentiation. In vivo retinal angiogenesis experiments reveal the crucial role that astrocytes
seem to have in polarizing new sprouts by secreting VEGFA, highlighting the growing evidence for a link
between astrocytes and angiogenesis [61].
In our model we assessed the effects of six different scenarios regarding homogeneous and heteroge-
neous VEGFA and extracellular matrix (ECM) profiles on sprout morphology. In particular, two with
homogeneous/uniform VEGFA (no gradients), two with static VEGFA gradients, and two with VEGFA
gradients emerged from a fixed astrocyte. In each pair of scenarios we alternated between uniform and
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non-uniform (represented as a network of static fibers) ECM. Experimental studies have revealed a dy-
namic shuffling of tip and stalk cells at the leading front of growing sprouts challenging the idea of stable
tip and stalk cell selection [33]. This dynamic behavior was incorporated in our model (compared to other
mathematical models using fixed cell positions) in the following way. A stalk cell may become a tip cell
if its Delta level, which is upregulated from the astrocyte-derived VEGFA, exceeds a threshold value. In
turn, a fine-tuned feedback loop between VEGFA and Notch-Delta signaling establishes a ‘salt-pepper’
distribution (checkerboard pattern) of stalk and tip cells within the activated endothelium. Cells con-
tinually respond via their VEGFA-Delta-Notch signaling loop when they meet new neighbors, and the
lateral-inhibition effect via the Notch signaling defines the (interchangeable) fate of the (stalk and tip)
cells in the new sprout. Stalk cells adjacent to tip cells may proliferate and elongate to support sprout
elongation. The proliferation of stalk cells was based on the cell cycle time estimated from available
retinal experimental data. Tip cells are allowed to elongate, but not to proliferate [32]. The ‘head’ tip
cell leads the sprout forward distinguishing it from other tip cells in the sprout having the maximum
VEGFA level compared to any other cell. As the stalk and tip cells migrate through the ECM following
up the chemotactic (moving up VEGFA gradients) and haptotactic cues (moving preferably along ECM
fibers if in a scenario with non-uniform ECM), they define the morphology of the outgrowing sprout,
with tip cells leading the sprout polarization. Tip cells contact other tip cells (anastomosis) to extend
the existing vascular network, a result which is also dynamically captured in our model.
By considering the sprout morphological dynamics from all six scenarios, we may conclude that narrow
sprout formation can be closely approximated under scenario 6 with heterogeneous VEGFA (with fixed
astrocyte) and heterogeneous (non-uniform) ECM in ∼18 hrs. However, at later time points cells start
surrounding the fixed astrocyte without being able to produce a longer sprout formation (see Figure 7). In
fact astrocytes might not be fixed [70] and, therefore, we extended our model by incorporating astrocyte
motility (moving away from the blood vessel) in order to test its effect on sprout formation. Interesting
question which arise at this point concern whether the movement of the sprout and the astrocyte are
coupled or not. At first, we simply allowed the astrocyte to start moving from the beginning of a
simulation, and we assessed various speeds of the astrocyte. We found that low or medium astrocyte
speeds could result in sprout formation of a limited length because of sprout splitting. On the other
hand, high speed resulted in no sprouting because astrocyte moves too fast and VEGFA gradients do not
allow for tip cell activation. Therefore, all of the cells in the blood vessel remained as stalks. However, by
coupling astrocyte movement to EC movement, simulations show the emergence of a straight and long
sprout along the whole numerical domain without splitting (see Figure 14). Although further experimental
work needs to be done in the future, the latter result seems to be consistent with the existence of an
endothelial (sprout)-astrocyte feedback [68].
Sensitivity analysis was performed for key parameters, such as the VEGFA decay rate (δ; Figure 11),
the strength of chemotaxis (λchem; Figure 12), and the strength of the attachment to the ECM (λECM ;
Figure 13). In particular, in basal decay rates there is directed sprouting. However, in small δ the sprout
eventually splits, whereas in large δ there is no tip cell activation and, therefore, no sprout formation.
Regarding λchem, if it is small, the sprout is not able to reach the astrocyte, whereas in large λchem the
sprout splits. It was also shown that the value of λECM affects the speed of the sprout. As might be
expected, if λECM is large the speed of the sprout falls below the available experimental measurements
since cells strongly adhere to the ECM.
We also performed VEGFA-Notch-Delta knockout in silico experiments in uniform VEGFA envi-
ronment as an attempt to test that as an anti-angiogenic treatment regimen. Recall that extracellular
VEGFA upregulates Delta levels in each EC. Interestingly, results show that decreasing the sensitivity
of Delta to VEGFA (parameter α in equation (8)), sprout formation is not possible. Our intention is to
delve more into the therapeutic aspect (e.g. blocking sprout formation) in the future. Pericytes, which
surround the ECs, are now coming into focus as important regulators of angiogenesis and blood vessel
function, with the capacity to be resistant to anti-VEGF therapy [41]. Therefore, our model could be
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extended by incorporating pericytes in order to assess its role on therapeutic regimes.
In summary, we have developed a multiscale model that incorporates intra-, inter-, and extra-cellular
levels for studying sprout evolution in angiogenesis. Several biological hypotheses have been considered
regarding the VEGFA source (e.g. astrocyte), Notch-Delta pathway activation from VEGFA, cell chemo-
taxis, cell-cell adhesion, as well as cell-ECM contact guidance. Simulation results have been successful
in reproducing sprouting morphogenesis, with the extension speed of the sprout being in agreement with
experimental data in 7 days postnatal mouse retina. Interestingly, the results with moving astrocyte
(VEGFA source) suggest that coupled movement of endothelial cell and astrocyte ensures long and con-
tiguous sprout formation. This observation is consistent with the proposal, suggesting the existence of
interactions between sprout and astrocytes [68]. Our model framework will allow detailed, systematic
investigation on these interactions, which will be a topic of our future study.
Supporting Information
Experimental methods
Eyes were isolated and stained as reported in [36]. Retinas were taken from P5 pups. Retinas were stained
using antibodies against PECAM (MEC 13.3, BD Pharmingen, CA) and fibronectin (9661S, Millipore,
Billerica, MA). A Zeiss LSM 510 META confocal microscope was used to image the retinas and the Zen
software was used for acquisition (Carl Zeiss Microscopy, Cambridge, UK).
Analysis of perturbations of the homogeneous steady state
In the following we present mathematical analysis on perturbations of the homogeneous steady state of
equations (8), and parameter ranges in which the ‘salt-pepper’ pattern is maintained.
The non-dimensional model as given in equations (8) can be rewritten in the following form
dDj
dt
= v (αh(V )g(Nj)−Dj) ,
dNj
dt
= f(D¯j)−Nj ,
(12)
where h(V ) =
V EGF
V EGFh + V EGF
, g(Nj) =
1
1 + bN2j
, f(D¯j) =
D¯2j
a+ D¯2j
, and D¯j =
∑
i
DiPij
Pj
with Pj , Pij
being the perimeter of cell j, and the common area between neighbor cells i and j, respectively. Note that
f, g are continuously differentiable, with f monotonic increasing and g monotonic decreasing. Under these
conditions there exists exactly one homogeneous steady state (HSS), (D∗j , N
∗
j ) = (αh(V )g(N
∗
j ), f(D¯
∗
j )) =(
αh(V )g(N∗j ), f
(
D∗j
σ
))
, where σ = 1, if lattice sites are squares/hexagons;σ = 2, if strings. The HSS
is defined as the steady state in which all cells have identical levels of Delta and Notch, and we wish to
determine the patterns that emerge from perturbations about this steady state. Therefore, we assume
that Dj = D
∗
j + D˜j , Nj = N
∗
j + N˜j for D˜j , N˜j  1, and by also making the following ansatz
D˜(x, t) = Dˆ(t) expikx, (13)
which allows us to remove the spatial dependency x of D, we get
¯˜D = D˜
K
σ
, (14)
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where K(k), the ‘nearest neighbor contribution’, is defined as
K(k) =

cos(k) (strings),K ∈ [−1, 1],
cos(k1) + cos(k2)
2
(squares),K ∈ [−1, 1],
cos(k1) + cos(k2) + cos(k1 + k2)
3
(hexagons),K ∈ [−1/2, 1],
(15)
with k being the wavenumber (or wave-vector, k = (k1, k2) in two space dimensions).
The system (12) can be linearized about the HSS to give
dD˜
dt
= v
(
αh(V )GN˜ − D˜
)
,
dN˜
dt
= FD˜
K
σ
− N˜ ,
(16)
where,
F = f ′(D
∗
σ ) =
2aD
∗
σ
(a+(D
∗
σ )
2)2
> 0 ,
G = g′(N∗) = − 2bN∗(1+bN∗2)2 < 0 ,
(17)
and ′ denotes differentiation. The linearized system (16) gives the following Jacobian matrix
J(K) =
( −v vαh(V )G
F
K
σ
−1
)
. (18)
The trace, tr(J(K)) = −v − 1, is always negative since v > 0, and
det(J(K)) = v
(
1− αh(V )FGK
σ
)
= v (1− Φ) . (19)
From stability analysis we know that if tr(J) < 0 and det(J) > 0 then we have a stable HSS. As a model
for lateral-inhibition, we are most interested in the case where the HSS is stable to homogeneous (k = 0),
and unstable to heterogeneous (k 6= 0) perturbations. That is when det(J(1)) > 0, and det(J(K)) < 0
for some K ∈ [−1, 1) or [−1/2, 1).
Recall that G is always negative because of lateral-inhibition and, therefore, we exclude the cases
when K > 0 (for which det(J) > 0). Clearly det(J(1)) > 0 since F > 0 and G < 0, so we only need
to check the sign of det(J(K)). Note that the real part of the eigenvalues of J(K) is maximal for the
smallest possible value of K (K = −1 for strings/squares, and K = −1/2 for hexagons) - see Figure 15.
Therefore a patterning instability requires
strings: det(J(−1)) < 0⇔ Φ = αh(V )FG < −2,
squares: det(J(−1)) < 0⇔ Φ = αh(V )FG < −1,
hexagons: det(J(−1/2)) < 0⇔ Φ = αh(V )FG < −2.
(20)
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Figure 15. Real part of the eigenvalues over K. The <(λ1,2) of the eigenvalues λ1,2 (dashed and
solid curves), evaluated from the Jacobian as in (18), is maximal when K = −1 (for strings/squares as
in (15)). The parameter values used in the model (12): a = 0.01, b = 100, v = 1, V EGFh = 1,
V EGF = 1, α = 1.
In Figure 16(A) we plot Φ as a function of α (for fixed values of the other parameters), showing
how Φ < −2 for α ∈ [0.13, 38.7], and hence patterning is predicted in that range. Figure 16(B) shows
simulations as α is varied, giving patterning in the predicted range, and a stable homogeneous steady
state otherwise.
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Figure 16. The range of parameter α for ‘salt-pepper’ pattern formation. (A) Φ as in
equation (20) over α (the maximum Delta production rate) showing the ranges of α for which we get the
‘salt-pepper’ pattern. (B) Simulation results for strings for different values of α. Parameter values used
for our simulations as in Figure 15. Colourbar: high (red) and low (blue) Delta levels at 1000 MCS.
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